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Abstract

:

Featured Application


This paper investigates the aerodynamic performances of a UAVs airfoil in different shear wind environments, and the results will provide guidance for flight attitude control and flight trajectory selection in different shear winds, especially for long-range flight with very low energy consumption of bionic UAVs using shear wind field energy.




Abstract


In order to study the flight strategies of birds in shear wind and realize the long-range flight of an unmanned aerial vehicle (UAV), the aerodynamic performances of a UAV’s airfoil under different shear wind are studied using numerical methods. The results are calculated using the RANS method in shear wind with a linear and logarithmic distribution of velocity. The results show that the slope of the lift curve, the maximum lift coefficient and the stall angle decrease when the velocity gradient is positive or increasing, conversely, they increase at a negative gradient compared to gradient-free wind fields. A positive gradient of wind significantly increased the maximum lift-drag ratio and the effective angle of attack. Compared with linear distributed shear wind with the same velocity at both the lowest and highest points of the flow field, logarithmic distribution decreases the slope of the lift curve, the maximum lift coefficient and the maximum lift-drag ratio and the effective angle of attack. Therefore, a shear wind with a positive gradient is beneficial to the increase of lift-drag ratio and more conducive to cruise flight, and a negative gradient is beneficial for increased lift and more conducive to take-off and landing of UAVs. The velocity distributions influence the aerodynamic performances of the airfoil which is related to the speed and gradient distribution of shear wind.







Keywords:


shear wind; velocity gradient; aerodynamic performance; velocity distribution












1. Introduction


Shear wind is a very common flow in the atmosphere [1] resulting in the temporal or spatial variability of wind. In 1983, the National Research Council (NRC) gave a more specific definition of shear wind as wind speed at two points in space divided by the distance between two points [2]. For aircraft flight and mechanical operation, shear wind is generally considered to be a critical factor. For example, shear wind can reduce the generated power of large wind turbines [3] but increase wind turbine blade loads [4]. Shear wind also affects civil aviation aircraft, with rapidly changing airspeeds in a low-altitude shear wind causing sudden changes in aircraft lift and manoeuvrability, resulting in aircraft deflection from the intended trajectory or even flight accidents [5,6,7]. Aiming at reducing flight accidents, NASA has proposed an F-factor capable of assessing the degree of shear wind hazard from a flight mechanics perspective [8]. In addition, shear wind also has an impact on the flight and control of long-range shell rockets, which can easily cause flight deviation and the reduction of flight stability [9,10]. Therefore, for conventional aircraft and fluid machinery, how to reduce the effects of shear wind is an important research topic to ensure flight safety and maintain operational efficiency. However, for birds in nature, shear wind is a common flow pattern.



In nature, many birds have the ability to use wind field energy to achieve long-distance flight. For example, frigate birds and albatrosses use shear wind and updrafts [11] to achieve long-distance gliding flight with very low energy consumption by harnessing the energy of the wind field. The king of flight-albatross can traverse strong wind gradients near the sea surface [12] and climbs and glides down at high and low altitudes in shear wind fields. During the flight, they obtain frontal energy and offset drag consumption to achieve long-range flight [13].



Nowadays, the flight range of UAVs is constrained by power supply, and flight time and range are greatly limited. Studies have shown that there are two ways to extend UAV flight range. First, the endurance performance of a UAV can be improved by optimizing the aerodynamic layout and drag reduction design. However, the efficiency is limited. In the second, a UAV can use wind energy through flight attitude adjustment with the help of wind field flow. In this manner, its own energy consumption can be significantly reduced to achieve long-range flight. Therefore, according to the flight mode of albatrosses in shear wind, people have carried out studies on UAV trajectory planning [14], flight strategies [15] and dynamic glide monitoring [16] in shear wind. Flight trajectory optimization [17,18,19,20] and flight attitude adjustment [21] in shear wind have been examined to achieve low-energy flight.



However, the flight performance of a man-made glider controlled by a dynamic model is much less [22,23] than that of the albatross. Imitating the flight attitude and trajectory of birds cannot achieve low-energy flight to achieve long-range flight, and analysis of aerodynamic performance under a flow field environment should be carefully performed to achieve excellent performances.



Therefore, according to the safety and efficiency requirements of UAV flight, utilizing the shear wind energy during flying just like a bird can be a good bionic inspiration, which is considered to be favorable for UAV design. The shear wind effect on the aerodynamic performance of a UAV’s airfoil is studied by numerical simulation. A series of shear winds are generated, and the impact of shear wind velocity distribution on aircraft flight performance is investigated. Lift enhancement, drag reduction and range increase are the expected result for UAV flight. How to perform flight control from the perspective of aerodynamics in shear wind is studied in the current research. Therefore, in this paper, it is estimated that the findings can be a guide for long-range flight with low energy consumption.




2. Numerical Simulation Model and Shear Wind Model


2.1. Numerical Model


As an important aerodynamic component of UAVs, the aerodynamic distribution of the wing is of great significance to an aircraft. The findings of the current investigation are intended to lay fundamental research for the design and flight attitude control of a small UAV. The drone has been designed with a wingspan of two meters, and a maximum flight speed of 100 m/s. A symmetrical wing airfoil NACA0012 is chosen for the drone.



In this paper, we study the effect of shear wind on the aerodynamic performances of a two-dimensional NACA0012 airfoil with a chord length of 0.573 m using ANSYS Fluent software. In the numerical calculations, the finite volume method is used to discretize Navier-Stokes equations, a second-order windward format is used for spatial discretization, and a k-ω SST turbulence model [24] is selected. A 15-times chord length is used for the far field in the computational domain. A C-H type structure grid with a size of 715 × 201 is generated, and the first layer grid height is generated according to the law of y+ = 1. Details of the grid are shown in Figure 1.




2.2. Shear Wind Model


Numerous velocity distributions usually appear in a natural shear wind, which has a great influence on UAV performances. In this paper, three different wind profiles, gradient-free wind, linear distributed shear wind and logarithmic distribution shear wind are selected to study these influences. The three wind profiles are defined as follows:



Gradient-free wind: The wind field without gradient is defined in the gradient-free wind model, which is defined in Equation (1).


   V W  = C  



(1)







In Equation (1), VW is the wind speed at height h, which is selected as Mach number 0.3, Mach number Ma = VW/a, and a is sound speed. The Mach number corresponding to C in this paper is 0.3. As shown in Figure 2, the velocity has no gradient along the height direction and wind speed is constant.



Linear distributed shear wind: The velocity magnitude varies linearly along the height direction while the wind direction remains the same. The velocity profile against height is defined in Equation (2), i.e., dVW/dh is constant. Schematic diagrams of the shear wind field with positive and negative gradients are shown in Figure 3.


    V   W   =   V   W h m i n   +       V   W h m a x   −   V   W h m i n       h   m a x   −   h   m i n       ( h −   h   m i n   )  



(2)




where hmin and hmax are heights at the lowest and highest positions in the wind field, VWhmin and VWhmax are the corresponding velocities. It is shown that velocity gradient with dVW/dh = ±3.05, 2.29 and 1.52 are used for the four wind profiles, while the Mach number M = 0.3 is set for wind speed, as listed in Table 1. A positive and negative gradient velocity gradient is characterized using the dVW/dh, and dVW/dh = −3.05 is used for the negative one.



Logarithmic distribution shear wind: A logarithmically distributed shear wind profile is established using the experimental wind data proposed by Ricardo Bencatel [25]. The observed wind data is fitted and estimated using a particle filtering approach to establish the mathematical model, as defined in Equation (3).


     V   W   =   V   W h m i n   +   ∆   V   W h     2   [ 1 + erf ⁡ ( 4   h −   h   a v g       h   m a x   −   h   m i n     ) ]    ∆   V   W h   =     V   W h m a x   − V   W h m i n        h   a v g   = (   h   m a x   +   h   m i n   ) / 2   



(3)




where erf is the error function; ΔVWh is the velocity difference within the wind field, ΔVWh = VWhmax − VWhmin; havg represents the average height of the wind field, havg = (hmax + hmin)/2. The Mach numbers corresponding to VWhmin and VWhmax are 0.2 and 0.4, respectively. A typical velocity profile is shown in Figure 4.





3. Results and Discussion


3.1. Numerical Method Validation


In order to verify the numerical method, numerical simulation of the NACA0012 airfoil is performed at a freestream condition with Mach number Ma = 0.3 and Reynolds number Re = 4.0 × 106. It should be noted that grid independence has been verified. The grid mesh size and distribution are carefully adjusted to ensure the numerical results are no longer changed due to the change of the grid. Because NACA0012 is a very common benchmark which has been discussed in many studies, grid independence will not be discussed in this paper. As a result, the numerical calculation results are consistent with the experimental results as shown in Figure 5. Compared with experimental results [26], the results show that the lift curve and airfoil surface pressure are in good agreement with experimental results in the literature. Therefore, the numerical simulation method and calculation grid of this paper meet the calculation requirements, the results of subsequent numerical calculations in this paper are credible and the conclusions obtained are reliable.




3.2. Effect on Velocity Distribution


Wind shear affects aerodynamic performance by changing the air direction flow across the airfoil. As a result, velocity distribution at the leading edge of the airfoil is changed. As seen in Figure 6a, L is the distance to the leading edge of the airfoil. When the wind velocity gradient is positive, velocity near the chord axis at L = c (c is the chord length of the airfoil) is smaller than that of the Gradient-free wind case. It is found that the surface pressure is reduced as wind velocity decreases, resulting in a lift reduction. Shear velocity near the airfoil surface and friction drag is also reduced as the wind velocity gradient near the chord axis decreases.



The velocity profile before the airfoil was under different gradients is illustrated in Figure 6b. As the airflow passes the airfoil, the rearranged velocity distributions are depicted in Figure 7. It is shown that the velocity magnitude near the chord axis decreases from 125 m/s to 118 m/s as the velocity gradient increase from 0 to 3.05. On the other hand, air velocity behind the lower airfoil surface remains almost the same in the four cases. It can be estimated that lift has decreased as the velocity gradient increased from 0 to 3.05.



Influences of negative velocity gradient are also discussed in the current research as shown in Figure 8. Wind velocity decreases with height for the negative velocity gradient case. Contrary to the positive gradient case, more large wind velocity appears near the chord axis at L = c, as shown in Figure 8a. The velocity contour around the airfoil is illustrated in Figure 8b. In order to quantitively measure the variation of the flow field, both velocity profile and pressure distribution along the airfoil upper surface are extracted as shown in Figure 9a,b. It is shown that air around the airfoil has been accelerated above the airfoil up surface due to the negative effect while the one below the lower surface remains almost the same. On the other hand, a negative gradient has decreased pressure along the upper surface but increased the one along the lower surface. This negative effect is impressively found at the airfoil leading edge resulting in an enhanced pressure suction phenomenon. Thus, the lift is estimated to be enhanced. Furthermore, surface shear stress increases against the velocity gradient which usually implies a larger frictional drag.



As shown in Figure 10, the Logarithmic distribution of shear wind, velocities at L = c ahead of the leading edge is found to be smaller than the one of the linear distributed shear wind field with dVW/dh = 3.05. Because the velocity gradient dVW/dh ahead of the leading edge is larger than 3.05 for the logarithmic distribution shear wind case, it results in smaller airfoil leading edge velocities and velocity gradients compared with those of linear distributions shear wind which is dVW/dh = 3.05. The logarithmically distributed effect results in dramatically slowed down air above the upper surface which in turn leads to a decrease in lift. Similarly, the logarithmic distribution leads to a decrease in the velocity gradient near the chord axis, which in turn reduces the shear stress and frictional drag.



This section discusses shear wind fields with different velocity gradients and distributions, containing linear shear wind fields with positive velocity gradients, linear shear wind fields with negative velocity gradients, and shear wind fields with logarithmic velocity distributions. In the paper, the effects of different shear wind fields on the aerodynamic performance of the airfoil are discussed by analyzing the velocity distribution and pressure distribution near the leading edge and surface of the airfoil.




3.3. Effect of Shear Wind on Lift


Both lift and lift-drag ratios are critical for a bionic UAV design, thus the effect of shear wind on lift and lift-drag ratio is further discussed in the current research. According to the previous study on velocity and pressure distributions, both lift and drag have been estimated. The lifts of the four position cases of the linear distributed shear wind are illustrated in Figure 11a and the negative case is compared in Figure 11b. It is shown that the maximum CL has decreased as dVW/dh increases. Compared with a wind field with zero gradient, the maximum lift coefficient was reduced by 18% in a shear wind with dVW/dh = 3.05, 13.4% for dVW/dh = 2.29 shear wind, and 8% for dVW/dh = 1.52 shear wind. So, it is verified that a positive gradient reduces the maximum lift coefficient, and the greater the gradient is, the lower the maximum lift coefficients are. A positive velocity gradient also decreases the corresponding stall angle. For an aircraft, a positive gradient at the same angle of attack usually reduces lift which is not beneficial to take-off and landing which may lead to a flight accident. Therefore, a UAV needs to increase the angle of attack to maintain lift under a positive gradient shear wind situation.



The lift curve of a negative gradient case is shown in Figure 11b. It is shown that a negative gradient increases lift which is consistent with the conclusion discussed in the previous Section 3.2. Compared to a positive gradient, a negative gradient also increases the slope of the lift curve, maximum lift coefficient and stall angle of attack. Compared to a gradient-free wind, the maximum lift coefficient of the negative gradient is increased by 19.6% and the stall angle of attack is increased to 16°. Therefore, a negative gradient increases lift and delays stall at the same average speed, which is the reason why birds use shear wind to keep rising to gain potential energy and finally achieve long-distance gliding flight. Therefore, only a small angle of attack is needed to generate sufficient lift required for the ascent in a negative gradient wind, which is of great value for the take-off and landing of UAVs.



Similarly, shear wind velocity studies show that logarithmic distribution reduces lift. For the same conditions of VWhmin, VWhmax and VWhavg, logarithmic distribution decreases the slope of the lift curve and maximum lift coefficient, and increases stall angle. The maximum lift coefficient is also decreased by 39.9% compared to linear distribution with dVW/dh = 3.05, as shown in Figure 12.




3.4. Effect of Shear Wind on Lift-Drag Ratio


Based on previous velocity analysis, it can be concluded that a positive gradient of shear wind decreases lift and drag, a negative gradient increases lift and drag, and logarithmic distribution decreases lift and drag, which shows that variations of lift and drag under shear wind are consistent with each other. In order to comprehensively evaluate the effect of shear wind on airfoil lift and drag, this section seeks the optimal performance of airfoil in a shear wind field through the study of the lift-drag ratio of the airfoil. The effectiveness of an airfoil is highly dependent on the lift-drag ratio which is an important parameter of airfoil aerodynamic performance.



Figure 13a shows that the maximum lift-drag ratio of an airfoil, as well as the corresponding angle of attack, increases significantly when the velocity gradient is increased. When the gradient is reduced to dVW/dh = 1.52, the maximum lift-drag ratio is decreased by 28.8% for the dVW/dh = 3.05 condition. Considering decreases in lift and increases in lift-drag ratio at a positive gradient, it can be deduced that airfoil drag has been significantly reduced. Therefore, a positive gradient is more conducive to the cruising flight of a vehicle, which is the reason why birds can cruise long distances in shear wind fields with very little energy consumption. If aircraft could adopt air energy in shear winds, they will achieve long-distance flight with very low energy consumption.



A negative gradient will significantly reduce the maximum lift-drag ratio of the airfoil and its corresponding angle of attack. As a result, the maximum lift-drag ratio is lower than the one of the gradient-free case, and the corresponding angle of attack is shifted forward, as shown in Figure 13b. Considering the increased lift, increased drag and decreased lift-drag ratio, it can be deduced that the drag has been significantly increased due to the negative gradient effect. Thus, a negative gradient effect is not conducive to the cruise flight of aircraft. On the contrary, it is beneficial for landing and reducing glide distance as larger lift and drag are both required in the flight situation. The logarithmic distribution of shear wind will also reduce the lift, drag and lift-drag ratio as shown in Figure 14. The maximum lift-drag ratio and the corresponding angle of attack are slightly decreased compared with those of the gradient-free case.





4. Conclusions


Shear wind has great influences on the aerodynamic performances of a UAV, and the effect of shear wind on the velocity distributions, lifts and lift-drag ratios are investigated. In this paper, we evaluate that:




	
Three wind shear models are established to present a comparative analysis of the altitude impact on velocity. Shear wind velocity gradient has a significant influence on both velocity profile and velocity gradient which affects pressure and fluctuating velocity distribution around the airfoil. A positive gradient reduces velocities near the airfoil leading edge, but a negative gradient increases them. On the other hand, a positive gradient and logarithmic distribution will reduce the lift curve slope, the maximum lift coefficient and the stall angle of attack. Conversely, a negative gradient will increase the slope of the lift curve, maximum lift coefficient, and stall angle of attack.



	
A positive gradient of shear wind increases the maximum lift-drag ratio and its corresponding angle of attack. Therefore, a UAV can obtain a larger lift-drag ratio when suffering a positive gradient shear wind. On the contrary, high lift and high drag can be achieved for the negative gradient case which can greatly reduce the take-off and landing distance of the UAV. The vertical take-off and landing capability is expected to be realized through the comprehensive optimization design of the UAV.








The findings in the current research can be used for the UAV design to achieve long-range flight and they provide a foundation for further experimental and computational studies on bird flight with low energy consumption.
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Figure 1. NACA0012 airfoil grid. 
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Figure 2. Schematic diagram of gradient-free wind. 
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Figure 3. Schematic diagram of Linear distributed shear wind: (a) Positive gradient; (b) Negative gradient. 
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Figure 4. Schematic diagram of logarithmically distributed shear wind. 
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Figure 5. Aerodynamic distribution of NACA0012 (Ma = 0.3, Re = 4.0 × 106): (a) Lift curve; (b) Airfoil surface pressure distribution (α = 13.5°). 
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Figure 6. Velocity distribution near the chord axis in Linear distributed shear wind (L = c, α = 7°): (a) At a positive gradient and no gradient state; (b) At a different positive gradient state. 
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Figure 7. Velocity magnitude contour near the airfoil surface (α = 7°). 
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Figure 8. Velocity distribution of linear distributed shear wind field: (a) Velocity distribution near chord axis (L = c, α = 7°); (b) Velocity magnitude contour near the airfoil surface (α = 7°). 
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Figure 9. Velocity profile and pressure distribution around airfoil surface (α = 7°): (a) Velocity profile of upper surface (x/c = 0.5); (b) Pressure distribution. 
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Figure 10. Velocity distribution of logarithmically distributed shear wind field: (a) Velocity distribution near chord axis (L = c, α = 7°); (b) Velocity magnitude contour near the airfoil surface (α = 7°). 






Figure 10. Velocity distribution of logarithmically distributed shear wind field: (a) Velocity distribution near chord axis (L = c, α = 7°); (b) Velocity magnitude contour near the airfoil surface (α = 7°).



[image: Applsci 13 03764 g010]







[image: Applsci 13 03764 g011 550] 





Figure 11. Lift curve with linear wind gradient: (a) Positive gradient; (b) Negative gradient. 
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Figure 12. Lift curves of the airfoil under a linear and logarithmic distribution of shear winds. 
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Figure 13. The lift-drag ratio of an airfoil in Linear distributed shear wind: (a) Positive gradients; (b) Positive gradient versus negative gradient. 
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Figure 14. Lift-drag ratio of airfoil with different velocity distribution of shear wind. 
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Table 1. Parameters of four wind models.
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	Ma_VWhmin
	Ma_VWhmax
	dVW/dh
	Ma_VWhavg





	0.2
	0.4
	3.05
	0.3



	0.4
	0.2
	−3.05
	0.3



	0.225
	0.375
	2.29
	0.3



	0.25
	0.35
	1.52
	0.3
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Velocity: 10 20 30 40 50 60 70 %0 9 100 110120 130 140 150 160 170 130 190

aVilan-3.05

AVyldh=1.52

AVyldi=0






media/file4.png
10 -

pMNY






media/file18.png
y(m)

0.01

0.00 -

—=— (V,/dh= 3.05
—e— dVy/dh=-3.05

0.06

0.12 0.18 0.24 0.30 0.36 0.42
Ma

(a)

-3

—a— dV/dh= 3.05
—— dV\,/dh=-3.05

0.0 0.2 0.4

0.6 0.8 1.0





media/file21.jpg
(a) (b)





media/file26.png
140

120

100

CL/CD

40

20

= dV/dh=0

= = dVy/dh=3.05
— = dV\/dh=2.29
........ dV/dh=1.52

140

120

40

—— dVy/dh= 0
— — dVy/dh= 3.05
— = dVyIdh="-3.05 r \






media/file27.jpg
120

100

40

2

— — Linear distribution - ¥
Logarithmic distribution 7 \






media/file3.jpg
Apmuy






media/file22.png
Cl

0.0 F

—0— dVy/dh=0

—o— dVy/dh=3.05
—a— dV/dh=2.29
—e— dVy/dh=1.52

15 20

Cl

0.5

0.0

—o— dVy/dh=0
— aVyldh= 3.05
—— dVy/dh=-3.05

20





media/file19.jpg





media/file7.jpg
s L

L
= = = =

APpmuv

50 1
40

V\\





media/file28.png
120

80

CL/CD

40

— dV\,/dh=0

— = Linear distribution 7 \

== Logarithmic distribution 7 \
'd






media/file10.png
Cl

0.5

0.0

-

O exp

a(®)

(a)

O exp
9} cal
D
_6_
D
$
-3
0F s —
3 1 1 1 [ L 1
0.0 0.2 0.4 0.6 0.8 1.0





media/file14.png
Velocity: 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

dVy/dh=1.52

dViyldh=0






media/file11.jpg
™

e

(b)





media/file6.png
10 -

=C

dV!dh

10 -

=C

dVyldh

pMNIY

ApMV

(a)

(b)





media/file15.jpg
Wanans.






nav.xhtml


  applsci-13-03764


  
    		
      applsci-13-03764
    


  




  





media/file16.png
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

Velocity:

dVyw/dh=3.05

& 2
S -
o A o dVyldh= 3.05
N - A aVyldh=-3.05
1 1 B 1 .
0.3 0.4
Ma
dVy/dh=-3.05






media/file2.png





media/file20.png
hi(m)

Tc

Tc . e e
s Linear distribution

@ Logarithmic distribution

0.4

Velocity: 10 20 30 40 S50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

—
-.

Linear distribution

Logarithmic distribution

(b)





media/file23.jpg
1.0

0.5

0.0

39.9%

—o— Linear distribution
—=— Logarith) distribution

0 s 10 15 20

a(®)





media/file5.jpg
(®)





media/file24.png
Cl

0.5

0.0

39.9%

—e— Linear distribution
—=— [ogarithmic distribution

1 " 1 i 1 i |

0 5 10 15 20

a (®)





media/file1.jpg





media/file25.jpg
acy

(b)





media/file12.png
>

<

o

& dVyldh=0 Te

o
o P

>B

o dvyJdi=3.05

s\

N

h(m)

~
.l

ol

o“’(*!

Te -

ao-4 o dVy/dh=3.05

°  dVy/dh=2.29

A& dV\,/dh=1.52

> b bbb
6h
L
D

—
=
w

0.2

0.4 0.2
Ma

3~

N
=%
SN’
N
S
SN’





media/file9.jpg





media/file0.png





media/file8.png
50

40

|
<

|
—

Vi

PMVIY

(o |

10 +





media/file17.jpg





